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Introduction
Optical memory-based data storage has the potential to replace current methods as a durable and inexpensive storage medium. [1] [2] [3] However, the lack of viable materials has hindered the development of such devices. [1] [2] [3] Optical memory based on luminescence is a phenomenon in which a solid-state chemical compound undergoes a reversible photophysical or photochemical change at low temperatures as the result of laser irradiation. [5] [6] [7] This change produces luminescence properties that differ from those prior to irradiation. Information can thus be "written" onto the chemical compound through irradiation, which alters the crystal structure. Data "write" operations are thus enabled via alteration in the luminescence emission behavior. Heating the compound to ambient temperature and subsequently recooling reverses the change. This recovery sequence effectively "erases" the memory of the crystal structure. As a result, compounds that exhibit a complete write/erase cycle have great potential for data storage.
Early optical metal systems consisting of Cu + /Ag + doped βʺ-Alumina were first reported by Zink et al. 4 The mechanism reported by Zink shows that emission initially results from Cu + /Cu + dimers but changes to Cu + /Ag + dimers after laser irradiation at 78 K. 4 Interestingly, these coordination complexes of Cu(I) salts were shown to exhibit optical memory properties, based on their ability to reversibly undergo a metal cluster structural alteration in response to exposure to high-energy electromagnetic radiation. 4 Non-irradiated regions continue to show emission bands associated with Cu + /Cu + dimers, demonstrating that the reduction in emission results from a photophysical change rather than a photochemical change. 4 Following the work by Zink et al., we previously reported on the luminescence phenomenon of optical memory for crystals of Pb(Au(CN)2)2. 8 Upon exposure to 337 nm laser irradiation at 78 K this complex also undergoes a drastic reduction in emission intensity as a function of irradiation time. Unlike the photophysical change reported by Zink, we concluded that this decrease in emission was the result of photoinduced electron transfer. In this transfer the Au(CN)2 -ligands in the excited state oxidize the coordinated Pb 2+ to Pb 4+ and eventually decompose to Au and CN -. At low temperatures Au and CN -formation is irreversible, preventing back electron transfer to the original state. However, upon heating to room temperature this process becomes reversible and the complex emission is fully recovered to pre-irradiation intensities.
More recently, we have published optical memory results for similar systems which show a photo-induced electron transfer mechanism. 4-7 Interestingly, systems displaying photophysical changes rather than photochemical changes have also been reported. We have reported optical memory behavior in layered crystals of K2Na[Ag(CN)2]3. 7,9-11 We used a pure, undoped crystalline complex of Ag(I) to produce new oligomeric excimers upon irradiation. 3 Optical memory behavior for this system was seen through the reduction of both a high-energy emission band and a lowenergy band upon 266 nm laser irradiation. 7,9-11 At low temperatures, high-emission-energy AgAg* dimers convert into low-emission-energy linear silver trimers at 402 nm, Ag-Ag-Ag*. 7 However, as these linear trimers are irradiated, they undergo a photophysical change into excited state bent trimers, resulting in reduced emission intensity of the 402 nm linear trimer band and appearance of a new 380 nm band assigned to a bent trimer. Heating of the crystalline sample results in recovery of the emission spectrum to its original state.
Herein, we report an investigation of the optical memory properties of CuSCN(3-XPy)2 crystals (X = Br, Cl; Py = pyridine) which exhibit broad emission bands in the visible region.
These bands are assigned to a metal-to-ligand charge transfer (MLCT) in which electrons are transferred from the (CuSCN)∞ chain backbone to the pyridine ring. Laser irradiation at 266 nm of CuSCN(3-BrPy)2 held at 78 K results in significant reduction in emission intensity over time.
This decrease is reversed by heating the sample to 298 K and recooling to 78 K. Laser irradiation of CuSCN(3-ClPy)2 while held at 78 K produces no change in the luminescence intensity. We model the reduction for emission intensity of CuSCN(3-BrPy)2 as a photo-induced electron transfer in which Cu(I) is oxidized to a non-luminescent Cu(II) with capture of the halogen by the neighboring SCN ligand on an adjacent chain.
Experimental

Preparation of Compounds
Crystals of 1 and 2 were prepared according to a modification of our previously reported method. 12 Solid CuSCN (100 mg, 0.822 mmol) was stirred with an excess of neat 3-halopyridine ligand in sealed vials under Ar for 4 days, forming the products as bulk powders in suspension.
The sealed vials were then heated to 70 °C in an oil bath for 2 h without stirring. 
X-ray Analysis
Single crystal determinations were carried out using a Bruker SMART Apex II diffractometer using graphite-monochromated Cu K radiation. 14a The data were corrected for Lorentz and polarization effects and absorption using SADABS. 14b,c The structures were solved 6 by use of intrinsic phasing. All crystals for both compounds were found to be pseudomerohedrally twinned with orthorhombic C symmetry. Data were solved and refined with monoclinic P symmetry as a two-component twin (twin law = 1 0 0 / 0 -1 0 / -1 0 -1) with 2-fold axis along
[100] direction as a twin operator. The two structures were isomorphic and solved as enantiomorphs (see Electronic Supporting Information, SI). Least squares refinement on F 2 was used for all reflections. Structure solution, refinement and the calculation of derived results were performed using the SHELXTL package of software. 14c The non-hydrogen atoms were refined isotropically. In all cases, hydrogen atoms were placed in theoretical positions. X-ray refinement details for all structures are summarized in Table 1 . for all data.
Steady-State Luminescence and Optical Memory Measurements
Steady-state luminescence scans were recorded at 298 K and 78 K. Spectra were taken with a Model Quantamaster-1046 photoluminescence spectrophotometer from Photon Technology
International using a 75W xenon arc lamp combined with two excitation monochromators and one emission monochromator. A photomultiplier tube at 800 V was used as the emission detector.
Emission intensity was corrected for variation in lamp intensity. The solid samples were mounted on a copper plate using non-emitting copper-dust high vacuum grease. All scans were run under vacuum using a Janis ST-100 optical cryostat. Low temperature scans used liquid nitrogen as coolant. Laser irradiation occurred with an Opolette Model 355II and UV tunable pulse laser using a Nd:Yag laser pump. Laser power output at each wavelength is summarized in Table S1 (SI). All luminescence scans were collected with a 5-nm excitation and emission slit width. Focusing lenses were initially adjusted prior to irradiation to maximize emission intensity for each compound.
Samples were irradiated at 78 K for 5-minute intervals. Recovery measurements were accomplished by allowing samples to reach thermal equilibrium at 298 K before being cooled back to 78 K.
Computational Methodology
All geometry optimizations were performed using the Gaussian09 software program. 15 Calculations were performed using the M06 meta-hybrid functional 
Results and Discussion
Description of X-ray Structures
Literature Context
We have previously published a longitudinal structural study of Cu 
CuSCN(3-BrPy)2
The compound CuSCN(3-BrPy)2 crystallized as yellow prisms, solving in the polar monoclinic space group Pc. A structural diagram is shown in Figure 1 , and selected bond lengths and angles are given in Table 2 
Structure of CuSCN(3-ClPy)2
The compound CuSCN(3-ClPy)2 also crystallized as yellow prisms, solving as an isomorph to CuSCN(3-BrPy)2. As is the case for the 3-BrPy complex, four independent CuSCN(3-ClPy)2 units are present, forming two distinct chains. Structural diagrams are shown in Figures 2 and S2 (SI), and selected bond lengths and angles are given in Table 2 . The chain zigzag angles are 113.6(2), 109.9(3), 109.5(3), and 113.9(2)°. Table 2 
Photoluminescence Spectra of CuSCN(3-XPy)2 Manifesting Optical Memory
We have previously published the results on the solid state luminescence of a series of Optical memory results for CuSCN(3-BrPy)2 in Figure 3 show a broad and high-intensity luminescence emission peak between 425-675 nm at 78 K consistent with previously published data. 12 Upon laser irradiation, the emission peak position remains unshifted. This compound shows a large reduction in emission intensity upon exposure to 266 nm laser irradiation. A maximum reduction in intensity of 88% is reached after irradiation for 20 minutes. An emission reduction half-life of 7.52 min. is calculated. This reduction in intensity remains stable at 78 K over the time period observed, as illustrated in Figure S5 (SI). Warming the sample to 298 K and re-cooling to 78 K resulted in an emission spectrum nearly identical to that seen prior to irradiation with a recovery of 98%. Thus, recovery was found to be quantitative within experimental error. Two additional optical memory experiment cycles were performed to confirm optical memory recovery, as shown in Figure 3 . Cycles 2 and 3 confirm the cycling ability of CuSCN(3-BrPy)2 upon laser irradiation at 266 nm with recoveries of 108% and 103%, respectively; we consider the 98-108%
recoveries to be quantitative, with the small variations being due to experimental error. The ability to recover the original emission behavior demonstrates a spontaneously reversible chemical change due to thermal energy. As seen in Figure 4 , unlike the bromopyridine analog, CuSCN(3-ClPy)2 exhibits no emission intensity reduction upon laser irradiation at wavelengths of 318 nm, 270 nm, 239 nm, and 210 nm. This absence of emission reduction indicates that the excited states at these energy levels are not connected with the photoluminescence of this compound. This result stands in stark contrast to the luminescence behavior observed with CuSCN(3-BrPy)2. 270 nm, and (c) 239 nm laser irradiation. All spectra obtained at 78 K.
DFT Calculations of CuSCN(3-XPy)2.
Ground State Geometry of CuSCN(3-BrPy)2 and CuSCN(3-ClPy)2.
To accurately model the experimental phenomena reported herein for CuSCN(3-BrPy)2, an anionic, 4-coordinate adjacent-chain model was selected based on its ground state structural agreement with the crystal structure, as shown in Figure 5 . There is good qualitative agreement not only in the coordination sphere of the Cu but also in the placement of the pyridine ligands to
give the Cu center a tetrahedral geometry. The model also accounts for the Cu … Cu distance of CuSCN(3-BrPy)2, predicting a distance of 8.677 Å while the crystal structure shows a distance of 8.447 Å. The closest S … Br distance in the model is predicted to be 4.3054 Å, which is 0.4 Å shorter than the crystal structure value. The differences in the bond angles and lengths from those in the crystal structure are attributed to the fact the calculations are performed in the gas phase and the units are monomers which do not account for oligomerization packing effects and weaker intraand intermolecular interactions. DFT, and the selected basis set, have limitations when describing weak interactions. It was also found that the adjacent chain model had the best structural agreement for the 4-coordinate, anionic model of CuSCN(3-ClPy)2 (see Figure 5 ). As was with the CuSCN(3-BrPy)2 complex, the differences in the bond angles are attributed to the fact the calculations are run in the gas phase. So while the adjacent chain model accounts for the packing effects of monomeric units, it does not account for the solid state packing of chains of oligomers, since DFT has limitations when describing weak interactions.
Excited State Geometries of CuSCN(3-BrPy)2 and CuSCN(3-ClPy)2.
The excited state geometry of the lowest triplet of Cu(SCN)2(3-BrPy)2 was also calculated and is shown in comparison to the ground state geometry below in Figure 6 and Table S5 (SI).
Upon excitation, the pyridine stacking that is seen in the ground state is lost, and there is elongation of the Cu … Cu and S … Br distances. It also appears that the coordination sphere around the Cu center becomes closer to a trigonal planar geometry with the dissociation of one of the pyridine rings with the Cu-N bond distances lengthening to 2.5 and 3.5 Å. Similar results have been reported on excited state computations for multinuclear Au(I) systems by Bojan et al. 22 In this study optimization of the lowest excited triplet state of [Au2{(Ph2Sb)2O}3] 2+ resulted in a Jahn-Teller distortion for a single Au center. 22 Distortion of both centers resulted in destabilization of the excited triplet state. 22 Regardless, because emission intensity reduction is not observed upon laser irradiation at energies corresponding to excited state A, we do not assign the lone MLCT transition to the mechanism responsible for optical memory. 
Optical Memory Mechanism
The observed decay in the luminescence of a CuSCN redox couple is energetically reasonable in the current case due to the modest standard reduction potential (E° for Cu 2+ /Cu + ≈ -0.16 V). 25 Thus, we assign the loss of luminescence to the creation of a Cu(II) complex.
Scheme 2.
Step 1 of the photochemical reaction of Cu These halogen bonds are of intense interest due to the implications in the design of supramolecular structures. [26] [27] [28] [29] [30] [31] [32] The halogen bonding ability of SCN has been reported and has been described in terms of a Lewis acid/base reaction in which the C-Br * acts as an acceptor of an S-atom lone pair. 26, [29] [30] [31] [32] [33] [34] We describe this type of interaction in Figure 10 in terms of the molecular orbitals of CuSCN(3-BrPy)2 and CuSCN(3-ClPy)2. As shown in Figure 10 , the lower energy of the C-Br * orbital allows for acceptance of the S lone pair, forming a stabilizing halogen bond between the heterocyclic aromatic ring and the SCN ligand. In the case of 3-ClPy, the C-Cl * energy is significantly higher, resulting in a destabilizing C-Cl ... S interaction. Stabilization of this bridge is important because it locks the halogen atom in place irreversibly at low temperatures and prevents relaxation of the non-luminescent Cu(II) species back to luminescent Cu(I). To explore this halogen bond mechanism, we have performed a series of scan DFT singlepoint energy calculations for an adjacent pair of CuSCN(3-BrPy)2 monomers. In this model, we have manually moved the Br atom towards the neighboring SCN group. Because SCN is a linear group, we are able to define the Br atom movement within a Br-SCN plane. Migration is recorded as a function of C-Br distance, angle of movement towards the SCN group, and total energy of the system. Our calculations are presented in Figure 11 . These calculations show a distinct saddle point as the Br migrates towards the central C atom with an increase in energy of 0.602 eV from the ground state. Upon further migration away from the Py ring, the Br atom falls into a local energy well with the local minimum located adjacent to the S atom. This S-atom preference is not surprising considering the expected soft-soft interaction and the preferred sharp angle of approach.
Because of this halogen bond interaction at the local well, we expect a meta-stable state that has a reversible activation energy of 0.218 eV. This value is well below the available energy at 78 K and thus produces an irreversible reaction while at low temperatures. In fact, temperature dependence of halogen bonds has been observed previously, wherein halogen bonding was increased by lowering the temperature of solutions containing CBr4 and Bu4N + SCN -.
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Figure 11. Single point energies of an adjacent pair of CuSCN(3-BrPy)2 monomers as a function of the C-Br distance and angle. Relative S, C, and N location indicated for clarity.
Conclusion
In this study, we have synthesized the complexes CuSCN 
